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ABSTRACT
Aeroelastic energy harvesters are a promising technology for powering wireless sensors and microelectromechanical systems. In
this letter, we present a harvester inspired by the trembling of aspen leaves in barely noticeable winds. The galloping energy
harvester, a curved blade oriented perpendicular to the flow, is capable of producing self-sustained oscillations at uncharacteris-
tically low wind speeds. The dynamics of the harvesting system are studied experimentally and compared to a lumped parameter
model. Numerical simulations quantitatively describe the experimentally observed dynamic behaviour. Flow visualisation is per-
formed to investigate the patterns generated by the device. Dissimilar to many other galloping harvester designs, the flow is
found to be attached at the rear surface of the blade when the blade is close to its zero displacement position, hence acting more
closely to aerofoils rather than to conventionally used bluff bodies. Simulations of the device combined with a piezoelectric har-
vesting mechanism predict higher power output than that of a device with the square prism.
VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5083103
The development of energy harvesters for wireless sensors
is an area that has received significant interest in recent years
due to their potential for low maintenance and low cost energy
solutions.1–7 The galloping instability of prismatic sections,which
can result in the formation of self-sustained oscillations under
incident flow conditions,8,9 can be exploited for the harvesting
of wind energy. This is typically achieved by the mounting of a
prismatic section to the end of a cantilever beam with a trans-
duction mechanism.10–15 The design of the tip geometry is a crit-
ical factor in determining the nature of the fluid-structure
interaction and hence the performance of a galloping energy
harvester.
Investigating the influence of different tip cross-section
geometries on the performance of galloping energy harvesters
has been the subject of several studies with focus being placed
on the square, isosceles triangular, and the D shaped cross sec-
tions.16–19 Mathematical approaches have been formulated with
both lumped parameter and coupled non-linear distributed
models,10,17 while experimental comparisons have also been per-
formed with flow conditions controlled inside a wind tunnel.16
The nature of the flow field around the tip geometry of a
galloping energy harvester fundamentally determines the
potential efficiency of the device. The flow around a galloping
square cross section has been examined by both numerical and
experimental means.20 Themechanism bywhich galloping oscil-
lations are formed has been shown to relate to the separation
and reattachment of the flow on the sides of the square section,
while the flow on the rear face remains detached.20 Similarly, in
the case of the isosceles triangular cross section, the boundary
layer has been demonstrated to be detached on at least one face
depending on the angle of attack.21,22 The flow around a D
shaped cross section has been studied numerically with regard
to semicircular aerofoils and also shown to be detached at low
angles of attack.23,24 Hence, the mechanisms for galloping oscil-
lations for the square, isosceles triangular, and D-shaped sec-
tions have been shown to relate to detached flows.
In this letter, an alternative tip geometry is presented for a
galloping energy harvester, initially inspired by the trembling of
aspen leaves at low wind speeds. The curved blade geometry is
closer to an aerofoil, rather than a bluff body,which has typically
been studied. The flow around the geometry is observed to be
fully attached when oscillations are large and the blade is close
to its zero displacement position, and galloping oscillations are
observed at flow velocities of less than 1ms1 with a prototype
device. The time-dependent flow around the blade is studied by
smoke wire visualisation and Particle Image Velocimetry (PIV),
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and the dynamics of the harvester are investigated by both wind
tunnel testing andmathematical modelling.
The harvester consisted of a cantilever beam and a curved
blade. The section of the curved blade was chosen to be a circu-
lar arc, and the cantilever beam was of steel construction.
Further details of the system parameters are presented in Table
I. The blade was rigidly mounted to the end of the beam and the
beam was mounted within a low speed wind tunnel such that
the blade was oriented perpendicular to the flow direction. The
wind tunnel had a test section of 1.04 1.37 m with a turbulence
intensity of less than 1% and was capable of obtaining stable
flow velocities between 0.5 ms1 and 24ms1. The observed
oscillations relate to the motion of the blade in a plane normal
to the flow direction as illustrated in Fig. 1. Oscillations were
experimentally observed with flow velocities ranging from
0.9ms1 to 5.8 ms1, corresponding to Reynolds numbers of 6.2
 103 and 4.0 104.
To investigate the flow structures around the blade, flow
visualisation was performed with a hot wire smoke generator
and a laser sheet curved along the blade trajectory. Images were
captured by a Phantom high speed camera mounted above the
harvester at 1000 fps with an image size of 1152 720 pixels. The
analysis was performed with Dantec PIV software using an
adaptive correlation algorithm. Figure 2 demonstrates the con-
figuration of the PIV and motion tracking systems within the
test section.
Figure 3 illustrates the flow visualisation and PIV results
for steady state oscillations at two different reduced
velocities. Reduced velocity U* is defined as U0fnCh, where fn is
the natural frequency of the harvester and U0 represents the
freestream flow velocity. The blade is viewed from above with
the rear surface facing the bottom of the image. The blade
position is close to that of maximum velocity, and the velocity
field is plotted in a frame of reference moving with the blade.
The visualisation reveals leading edge separation and a large
TABLE I. System parameters.
Parameter Symbol Value (unit)
Blade base circle radius R 75 (mm)
Blade half arc angle c 45
Blade chord length Ch 75 (mm)
Blade thickness t 10 (mm)
Blade span S 75 (mm)
Beam length lb 150 (mm)
Beam width wb 12.5 (mm)
Beam thickness tb 0.5 (mm)
FIG. 1. Illustration of geometry and deﬁnition of variables. Oscillations result in
motion in the j, k plane. U0 denotes the freestream ﬂow velocity, _y is the linear
velocity of the blade centre of mass, Ueff is the effective ﬂow velocity, and a is the
effective angle of attack. Fl and Fd denote the lift and drag forces, respectively,
while Fy is the aerodynamic force in the y direction.
FIG. 2. Illustration of the low speed wind tunnel experimental setup.
FIG. 3. Flow visualisation results at the mid-position, where the tip speed is maxi-
mum. Case (a): the ﬂow velocity is 1.13 ms1, the reduced velocity is U* ¼ 5.0,
and the angle of attack is a ¼ 26. Flow detachment and the turbulent wake are
observed. Case (b): the ﬂow velocity is 1.37 ms1, the reduced velocity is U*
¼ 6.0, and the angle of attack is a ¼ 37. Attached ﬂow is observed.
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wake at low angle of attack; however, at higher angles of
attack, the flow is found to become attached. During each
half-oscillation cycle, the flow becomes detached as the blade
stops at maximum displacement. As the blade then acceler-
ates back to its mid-position, the angle of attack increases
and the flow becomes attached. Pronounced unsteady flow
effects were observed with flow patterns varying substan-
tially between oscillation cycles. Wake interaction was
observed at the lowest flow velocity with shed vortices being
convected back onto the rear surface of the blade as the
direction of motion reversed.
The dynamics of the harvester were captured with a 2D
motion tracking system based on a camera with a 1920 1080
pixel resolution and a frame rate of 50 fps. The position of the
motion tracking camera within the test section is demonstrated
in Fig. 2. Three fluorescent markers were tracked, allowing the
calculation of the position of the centre of mass of the blade.
The dynamics of the system could then be described by the dis-
placement of the blade centre of mass along the j axis in Fig. 1.
The precision of the systemwas estimated by tracking a station-
ary blade, resulting in a standard deviation of 0.24mm or
2.2 104Ch over a 1-min time series. The trajectories of the
blade centre of mass are illustrated in Fig. 4 in the state space.
The harvester exhibited a subcritical Hopf bifurcation in
the wind tunnel experiment, with oscillations beginning at the
flow velocity of 1.11 ms1 while the flow velocity was increased
and remaining until the flow velocity of 0.90 ms1 when flow
velocity was decreased as shown by the blue line in the Fig. 5
inset. The Strouhal number was determined experimentally
behind a static blade to be 0.2. As the Hopf bifurcation occurs
close to a reduced velocity of 1/St, unsteady effects are likely to
have a significant influence on the onset of oscillations. The
maximummeasured velocity amplitude of the blade occurred at
the oscillation amplitude of 0.24 m or 2.2Ch. A branch of smaller
amplitude oscillations was found to exist at wind speeds above
3.1 ms1, which we attribute to a regime when the flow is always
detached from the back of the blade. The amplitude variation of
the limit cycles was evaluated by computing the standard devia-
tion of the peaks in y displacement. Normalising with the y dis-
placement RMS, a maximum normalised amplitude variation of
1.2% is obtained occurring at the smallest amplitude cycle in the
subcritical branch.
Similar to Barreo-Gil,10 by considering small deflections of
the beam, the position of the system can be reduced to a linear
displacement in the y direction. This allows the system to be
described by a second order ordinary differential equation
€y ¼ 1
mtip
Fyð _yÞ  Kbeamy Cdamp _y
 
; (1)
wheremtip, Kbeam, and Cdamp denote the tip mass, beam stiffness,
and damping coefficient, respectively. The aerodynamic force
Fyð _yÞ could be represented as a function of the non-dimensional
force coefficient Cy by
Fy ¼ 12 qAfCyðaÞ U
2
0 þ _y2
 
; (2)
where q is the density of air, Af is the frontal area, and U0 is the
flow velocity. The aerodynamic force coefficient Cy can be writ-
ten in terms of the lift and drag coefficients,Cl and Cd, as
Cy ¼ Cl cos ðaÞ  Cd sin ðaÞ; (3)
where a is the effective angle of attack of the blade, which is
given by a ¼ arctanð _y=U0Þ, as illustrated in Fig. 1. The lift and
drag coefficients of a static blade were measured experimentally
with a force balance, and the resulting coefficients were used to
calculate Cy with Eq. (3). These statically measured force coeffi-
cients are demonstrated in Fig. 6. The numerical simulation of
Eq. (1) could then be performed by linearly interpolating the Cy
coefficient from the statically measured coefficients at each
time step.
Further to the aerodynamic force coefficient Cy, compari-
son of experimental bifurcation curves to the mathematical
model (1) also required the beam stiffness Kbeam and beam
mechanical damping Cdamp to be evaluated. Kbeam was found by
matching the experimental natural frequency, and Cdamp was
determined by exponential fitting of decaying oscillations at
zero wind velocity.
FIG. 4. Nondimensional state space trajectories obtained with the curved blade
(experimental).
FIG. 5. Normalised blade velocity amplitude with reduced velocity. Dotted lines with
crosses represent behaviour with decreasing reduced velocity. The reduced velocity
of 1St is marked.
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The mathematical model was simulated with the use of two
different cases of initial conditions. Simulation A relates to the
case in which the initial conditions started with a small pertur-
bation and then, once limit cycles began to form, the end condi-
tions of each simulation were used as the initial conditions of
the following while flow velocity was increased. This provided
continuation of cycles in the state space. The initial conditions
of simulation B were set consistently to relate to an angle of
attack of 55. This allowed higher amplitude branches to be eval-
uated. A comparison of the experimental dynamics and mathe-
matical model in terms of blade velocity amplitude is presented
in Fig. 5.
The mathematical model also demonstrates two branches
of stable limit cycles, occurring at similar velocity amplitudes to
the experimentally measured cycles. In agreement with experi-
mental data, the Hopf bifurcation was subcritical in the model,
although the subcritical branch was of significantly shorter
length. The bifurcations however differed with the low ampli-
tude branch growing from the Hopf bifurcation in the model,
rather than the high amplitude branch as observed in the wind
tunnel experiment. The simulation results also demonstrate an
additional hysteresis loop formed by a pair of saddle node bifur-
cations, occurring just after the Hopf bifurcation. In Fig. 6, this
relates to the harvester moving from operation around the first
Cy peak to the second Cy peak as flow velocity is increased.
Unsteady flow effects may hence allow the oscillations to sur-
pass the second Cy peak in the experiment moving directly to
the large amplitude branch. Experimental results obtained with
a square prism geometry with equal Af and mounted onto the
same beam are also presented in Fig. 5 and compared to simula-
tions using the polynomial representation of Cy with the coeffi-
cients determined by Parkinson.8
The maximum angle of attack a for both the experimental
dynamics and the mathematical model is demonstrated in Fig. 7.
In both the experimental dynamics and mathematical model,
the maximum angle of attack can be seen to become insensitive
to the flow velocity far from the Hopf bifurcation. The angles of
attack to which the low and high amplitude branches are tend-
ing towards can be seen to correspond to the first and last peaks
in Cy in Fig. 6. This is illustrated by the dashed lines in Figs. 7 and
6. The last peak in Cy in Fig. 6 can be seen to relate to the sudden
jump in the projection of the lift coefficient, Cl cos a. This is
caused by the transition to attached flow at around 37.5, which
corresponds closely to the visualisation of attached flow in Fig.
3(b). Hence, the high amplitude branch can be attributed to the
attachment of the flow on the rear surface of the blade.
To investigate the energy harvesting potential of the curved
blade, an additional equation was simulated representing a pie-
zoelectric harvesting circuit given by
_V ¼  1
Cp
V
Rl
þ h _y
 
; (4)
where Cp is the capacitance of the piezoelectric element, Rl
denotes the load resistance, V is the generated voltage, and h is
the electromechanical coupling factor. An additional term hVmtip is
also added to Eq. (1) to provide the feedback from the piezoelec-
tric. Typical values for h and Cp were taken from the work of
Alhadidi25 by matching the nondimensional coupling factor
h2
Cpmtipf2n
. By simulating the system with the additional equation,
the potential power output could be predicted. For comparison,
simulations were also performed with the polynomial represen-
tation of Cy for the square prism developed by Parkinson.8 The
load resistances were optimised to maximised output power.
The results for both the curve blade and square prism are shown
in Fig. 8. When operating in the higher amplitude branch, the
curved blade is predicted to produce significantly more power
than the square prism. Hence, the attachment of the flow on the
rear surface of the blade results in a larger projected lift
FIG. 6. Curved blade statically measured force coefﬁcients. Cy calculated by Eq.
(3). Dashed lines represent the mean of the highest four experimental angles of
attack on each branch, also shown in Fig. 7.
FIG. 7. Maximum angle of attack versus reduced velocity. Dotted lines with crosses
represent the branch with decreasing ﬂow velocity. Dashed lines represent the
mean of the four highest velocity points on each branch.
Applied Physics Letters ARTICLE scitation.org/journal/apl
Appl. Phys. Lett. 114, 104103 (2019); doi: 10.1063/1.5083103 114, 104103-4
VC Author(s) 2019
coefficient Cl cos a, which leads to a peak in Cy as demonstrated
in Fig. 6 at around 40 angle of attack. This leads to the appear-
ance of a higher amplitude limit cycle which simulations have
shown to be capable of producing more power than the widely
considered square cylinder.
In this letter, we have presented a curved blade geometry
for a galloping energy harvester, inspired by the trembling of an
aspen leaf. Flow visualisations and PIVmeasurements have dem-
onstrated that the flow becomes attached to the rear face of the
blade when the blade velocity becomes large enough. The blade
has hence been shown to act more closely to an aerofoil rather
than a bluff body, providing the prospect of greater aerody-
namic efficiencies. Experimental investigation of the dynamics
has demonstrated the existence of two branches of limit cycles,
one attributed to a regime where the flow attaches to the blade
and the other where the flow remains detached. A lumped
parameter model has been constructed and shown to also
exhibit two branches of limit cycles of amplitudes close to those
observed experimentally. The discrepancies between the model
and the experiment are attributed to the unsteady nature of the
flow around the harvester tip which requires further investiga-
tion. Simulations have also predicted the curved blade geometry
to produce more power than the square prism when operating
in the high amplitude branch.
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